We have previously shown that connexin 43 (Cx43) is present in mitochondria, that its genetic depletion abolishes the protection of ischemia-and diazoxide-induced preconditioning, and that it is involved in reactive oxygen species (ROS) formation in response to diazoxide. Here we investigated the intramitochondrial localization of Cx43, the mechanism of Cx43 translocation to mitochondria and the effect of inhibiting translocation on the protection of preconditioning. Confocal microscopy of mitochondria devoid of the outer membrane and Western blotting on fractionated mitochondria showed that Cx43 is located at the inner mitochondrial membrane, and coimmunoprecipitation of Cx43 with Tom20 (Translocase of the outer membrane 20) and with heat shock protein 90 (Hsp90) indicated that it interacts with the regular mitochondrial protein import machinery. In isolated rat hearts, geldanamycin, a blocker of Hsp90-dependent translocation of proteins to the inner mitochondrial membrane through the TOM pathway, rapidly (15 minutes) reduced mitochondrial Cx43 content by approximately one-third in the absence or presence of diazoxide. Geldanamycin alone had no effect on infarct size, but it ablated the protection against infarction afforded by diazoxide. Geldanamycin abolished the 2-fold increase in mitochondrial Cx43 induced by 2 preconditioning cycles of ischemia/reperfusion, but this effect was not associated with reduced protection. These results demonstrate that Cx43 is transported to the inner mitochondrial membrane through translocation via the TOM complex and that a normal mitochondrial Cx43 content is important for the diazoxide-related pathway of preconditioning. (Circ Res. 2006;99:93-101.) Key Words: mitochondria Ⅲ heat shock protein Ⅲ geldanamycin Ⅲ connexin 43 Ⅲ TOM (Translocase of the Outer Membrane) complex Original
C ardiomyocyte death during acute coronary syndromes determines survival and quality of life of patients with coronary artery disease. 1 In the majority of these patients, cardiomyocyte death is the consequence of transient, prolonged ischemia, and there is strong evidence that a substantial part of cell death occurs at the time of reperfusion. 2, 3 Preconditioning, a state of increased resistance against cell death induced by ischemia-reperfusion, is elicited by brief ischemia/reperfusion episodes or by certain pharmacological stimuli and has received particular attention. 4 A wealth of information has been collected on the molecular mechanisms involved in preconditioning, but many aspects of the signaling pathways and of the end effectors of the protection remain unknown. 4, 5 An intriguing and unresolved aspect is the involvement of connexin 43 (Cx43), the protein forming gap junctions connecting adjacent ventricular cardiomyocytes, 6, 7 in the genesis of preconditioning. 8, 9 The protection of preconditioning is abolished in Cx43-deficient mice 10 but also in isolated cardiomyocytes from Cx43-deficient hearts, 11 indicating that it cannot be explained by effects of preconditioning on gap junction-mediated cell-to-cell communication 12 and cell-to-cell propagation of cell injury during ischemia and reperfusion. 8, 13, 14 Mitochondria play a critical role both as signal transduction elements and as end effectors of the protection afforded by preconditioning, and we have previously shown 15 that Cx43 is present in cardiomyocyte mitochondria and that the mitochondrial Cx43 content is enhanced by ischemic preconditioning (IP). Moreover, we have recently provided a mechanistic link between mitochondrial Cx43 and the protection of preconditioning by showing that in situ hearts and cardiomyocytes isolated from mice with reduced mitochondrial Cx43 content cannot be preconditioned by exposure to diazoxide, 16 a pharmacological agent inducing preconditioning through a mechanism involving the generation of reactive oxygen species (ROS). 17 Indeed, Cx43-deficient cardiomyocytes show a markedly attenuated production of ROS in response to diazoxide but not to menadione or valinomycin. 16 Although these observations strongly support the participation of mitochondrial Cx43 in the genesis of the protective state induced by preconditioning, a direct cause-effect relationship between mitochondrial Cx43 and the induction of the protective state is missing. Moreover, although Cx43 is detected in the mitochondria, 15 its exact localization there has not been definitely established. In the present study, we therefore aimed to demonstrate the submitochondrial localization of Cx43, analyze the mechanism of translocation of Cx43 to the mitochondria, and investigate the effect of interfering with translocation on the ability of cardiomyocytes to be preconditioned.
Materials and Methods
The present study conforms to the NIH Guide for the Care and Use of Laboratory Animals (NIH publication No. 85-23, revised 1996) . A complete description of the methods used is in the online data supplement, available at http://circres.ahajournals.org.
Isolated Rat Heart
Hearts of adult male Sprague-Dawley rats (250 to 350 g) were excised and retrogradely perfused with an oxygenated Krebs solution at 37°C. 18, 19 Infarct size was measured by 2,3,5-triphenyltetrazolium chloride (TTC) staining. 13, 19 The extent of contraction band necrosis was quantified in histological sections. 18
Isolation of Mitochondria
Mitochondria were isolated from whole rat ventricles by differential centrifugation and FACS (fluorescence-activated cell sorting [FACS]) as previously described. 15 For positive control, intercalated disk-enriched membrane fractions from whole rat ventricles were also obtained. 20 Mitochondria were also isolated from left ventricular biopsies obtained from Göttinger minipigs using differential centrifugation and percoll gradient ultracentrifugation. 15 Functionality of isolated mitochondria was confirmed by measuring a normal mitochondrial membrane potential and oxygen consumption (see the online data supplement).
Analysis of Cx43 Localization Within Mitochondria

Mitochondrial Subfractionation
Freshly isolated pig mitochondria were subfractionated into their outer membrane, their inner membrane/matrix components, and in the fraction containing the inner membrane associated proteins using 0.6% digitonin and differential centrifugation. Mitochondria were further separated into their membrane constituents and matrix components by adding sunflower oil and 0.6% digitonin to frozen and thawed mitochondria, followed by centrifugation.
Western Blot Analysis
Western blot analysis on mitochondrial proteins was performed according to standard procedures. 15
Immunohistochemistry and Confocal Laser Scan Microscopy in Pig Cardiac Mitochondria
Purified pig mitochondria (intact or treated with 0.6% digitonin) were incubated with anti-Cx43 and anti-adenine nucleotide transporter (anti-ANT) or anti-voltage-dependent anion channel (anti-VDAC) and anti-ANT antibodies, for 1 hour at 25°C, and with the respective secondary antibodies (nϭ4). For negative control, the primary antibodies were omitted.
Mechanism of Cx43 Translocation to Mitochondria
Immunoprecipitation of Cx43 With Tom20 and Heat Shock Protein 90
Samples (250 g of pig mitochondrial protein or 800 g of rat total protein) were incubated with anti-Tom20, anti-Cx43 antibody (rabbit or goat-polyclonal), anti-heat shock protein 90 (Hsp90) ␣/␤ antibodies, or with anti-rabbit IgGs before binding to Protein A/G Plus Agarose. After centrifugation, the beads were washed three times with 0.5 mL of 1ϫ cell lysis buffer or 50 mmol/L Tris/HCl pH 7.4. Subsequently, proteins were subjected to Western blot analysis. Each immunoprecipitation was performed in triplicate.
Effect of Geldanamycin on Translocation of Cx43 to Mitochondria
The effect of geldanamycin, a blocker that inhibits Hsp90-mediated mitochondrial import, 21 on mitochondrial Cx43 content, expressed as the Cx43/Ox-Phos Complex II (succinate-ubiquinol oxidoreductase) ratio, was analyzed by Western blot. Seventeen hearts were perfused for 15 minutes with normoxic Krebs buffer containing geldanamycin (5.4 mol/L) and compared with 17 control hearts receiving only vehicle (DMSO, 0.15%).
Effect of Geldanamycin on Pharmacological and Ischemic Preconditioning's Protection
The effect of pretreatment with geldanamycin (5.4 mol/L) or its vehicle for 15 minutes on mitochondrial Cx43 content was measured in 16 isolated rat hearts submitted to preconditioning with diazoxide (50 mol/L for 10 minutes), in 18 hearts submitted to IP (2 cycles of 5 minutes of global ischemia followed by 5 minutes of reperfusion, IP), in 8 hearts submitted to isoprenaline preconditioning (0.1 mol/L for 5 minutes), and in 38 normoxic hearts. For comparison, the effects of preconditioning protocols on Cx43 content in intercalated disk-enriched membrane fractions were analyzed (nϭ4 to 5).
The effect of geldanamycin on the protection afforded by diazoxide (nϭ19), IP (nϭ23), or isoprenaline (nϭ13) was analyzed in 66 isolated rat hearts submitted to 60 minutes of global ischemia followed by reperfusion.
Statistical Analysis
Parametric or nonparametric measures analysis of variance (ANOVA) test for single or repeated measures, followed by post hoc tests, were used as adequate. Data are expressed as meanϮSEM. A probability value less than 0.05 was considered to be significant.
Results
Cx43 Localizes at the Inner Membrane of Pig Mitochondria
Intact mitochondria were stained with antibodies against the outer mitochondrial membrane protein VDAC and the inner mitochondrial membrane protein ANT. The mitochondria were positive for both proteins as shown by confocal laser scan microscopy. Digitonin-treated mitochondria displayed immunoreactivity mainly for ANT and only trace amounts of VDAC were observed ( Figure 1 ). Intact mitochondria and mitochondria devoid of the outer membrane were positive for Cx43 and ANT (Figure 2A ). The quantification of ANT and Cx43 immunoreactivity showed no significant difference in ANT and Cx43 signal intensities between intact and digitonin-treated mitochondria (Figure 2A ) (see also colocalization in Figure I in the online data supplement). We further compared the mitochondrial Cx43 to the cytosolic Cx43 content (both expressed as a percentage of total Cx43 content). Western blot analysis indicated that 8.2Ϯ3.5% of total Cx43 was found in the cytosol and 4.3Ϯ2.1% of total Cx43 was detected in isolated mitochondria (nϭ4, PϭNS; Figure 2B ).
Within mitochondria, Cx43 was localized mainly at the inner membrane. Using marker proteins of the different mitochondrial compartments (VDAC for the outer membrane [74.6Ϯ10.4%], ANT for the inner membrane [87.8Ϯ3.9%], cytochrome c for the inner membrane-associated proteins [95.5Ϯ2.5%], cyclophilin D for the matrix [90.8Ϯ5.5%], nϭ4; Figure 3 ), Cx43 was mainly found in the protein preparation containing inner and outer membrane (95.4Ϯ1%), the inner mitochondrial membrane, and the matrix (78.9Ϯ3.1%), whereas only trace amounts of Cx43 were detected in the matrix fraction (4.6Ϯ1%) or the outer membrane preparation (16.8Ϯ2.4%) (nϭ4). In accordance with the confocal laser scan microscopy, some VDAC was resistant to digitonin treatment: 24.1Ϯ9.8% of VDAC was detected in the inner membrane and matrix fraction.
Cx43 Translocates to the Inner Mitochondrial Membrane Through the Hsp90-Dependent TOM Protein Import System
In pig cardiac mitochondria, Cx43 coprecipitated with Tom20 (Translocase of the outer membrane 20) and ANT but not with VDAC or cytochrome c. Using the anti-Tom20 antibody for precipitating mitochondrial proteins revealed coprecipitation of Cx43 and ANT but not of VDAC or cytochrome c. As both Cx43 and Tom20 antibodies are derived from rabbits, rabbit IgGs were used as control immunoprecipitation, thereby allowing to differentiate between IgG signals and coprecipitating proteins. The use of anti-rabbit IgGs for immunoprecipitation did not indicate a precipitation of one of the analyzed proteins ( Figure 4A ). To further strengthen the above results, the coprecipitation of Tom20 with Cx43 was confirmed using goat polyclonal Cx43 antibodies ( Figure 4B ).
In rat myocardial protein extract, using the anti-Hsp90 antibody for precipitating myocardial proteins revealed coprecipitation of Cx43. When Cx43 was used for immunoprecipitation, a coprecipitation of Hsp90 was detected. The use of anti-rabbit IgGs for immunoprecipitation did not indicate a precipitation of 1 of the analyzed proteins ( Figure 4C ).
Western blot analysis detected Cx43 immunoreactivity in mitochondrial fractions purified by FACS from normoxic rat hearts ( Figures 5 and 6 ). Most of the Cx43 detected in the mitochondrial fraction was phosphorylated. Treatment with geldanamycin for 15 minutes significantly reduced the mitochondrial Cx43 content (expressed as fraction of the Ox-Phos Complex II) by 25% to 40% (PϽ0.05), without changes in the Cx43 phosphorylation status ( Figures 5 and 6 ). Geldanamycin did not modify Ox-Phos Complex II immunoreactivity.
Cx43 Translocation to Mitochondria by Preconditioning: Effects of Geldanamycin
Preconditioning with diazoxide did not cause any significant change in mitochondrial Cx43/Ox-Phos Complex II ratio compared with normoxic hearts, whereas pretreatment with geldanamycin before diazoxide reduced mitochondrial Cx43/ Ox-Phos Complex II ratio by 30% ( Figure 5 ), comparable to that observed in normoxic hearts treated with the Hsp90 blocker. Neither with nor without pretreatment with geldanamycin, preconditioning with diazoxide did not modify the amount of mitochondrial Ox-Phos Complex II. Cx43 in the intercalated disk-enriched membrane fraction was not modified by any treatment ( Figure 5C ).
In isolated rat hearts, IP increased mitochondrial Cx43/Ox-Phos Complex II ratio compared with normoxic hearts to Ϸ2-fold (PϽ0.05). Pretreatment with geldanamycin abolished this increase ( Figure 6B ) but did not decrease Cx43 below normoxic values. IP did not modify the amount of mitochondrial Ox-Phos Complex II. Cx43 expression in the intercalated disk-enriched membrane fraction was not modified by any treatment ( Figure 6C ).
Preconditioning with isoprenaline did not modify mitochondrial Cx43 (ratio Cx43/Ox-Phos Complex II: 0.86Ϯ0.37 in normoxic hearts versus 0.82Ϯ0.18 in hearts preconditioned with isoprenaline; nϭ4 in each group), and pretreatment with geldanamycin before isoprenaline was associated with a trend toward a reduction in mitochondrial Cx43/Ox-Phos Complex II ratio (0.48Ϯ0.11, nϭ4, Pϭ0.1361).
Effects of Preconditioning and Geldanamycin on Cell Death Induced by Ischemia/Reperfusion
Ischemia induced rapid contractile arrest followed by rigor contracture, detected as an abrupt increase in end-diastolic left ventricular pressure. In the absence of treatments, there was only minor functional recovery during reperfusion. In contrast, hearts submitted to preconditioning with diazoxide or IP had a trend toward an improved functional recovery compared with control hearts (see supplemental Figure II ).
Marked lactate dehydrogenase (LDH) release occurred at the time of reperfusion. Preconditioning with diazoxide markedly attenuated LDH release during reperfusion, but this protective effect was abolished by pretreatment with geldanamycin ( Figure 7B and 7C) . IP was associated with a significant attenuation in LDH release during reperfusion independently of the pretreatment with geldanamycin ( Figure 7B and 7C). A higher geldanamycin concentration (10.8 mol/L) also failed to abolish protection induced by IP (accumulated Figure 4 . A, Pig mitochondrial proteins were immunoprecipitated for Cx43 (rabbit polyclonal antibodies) or Tom20. Western blot analysis for Cx43, Tom20, VDAC, ANT, or cytochrome c was performed on the precipitated proteins and on the supernatant of the precipitation. Precipitation of mitochondrial proteins with anti-rabbit IgGs was used as negative control. B, Pig mitochondrial proteins were immunoprecipitated for Cx43 (goat polyclonal antibodies). Western blot analysis for Cx43 and Tom20 (both rabbit polyclonal antibodies) was performed on the precipitated proteins and on the supernatant of the precipitation. As positive control, total pig myocardial proteins were analyzed. C, Rat total proteins were precipitated with Cx43 and Hsp90. Subsequent Western blot analysis was performed on the precipitated proteins and on the supernatants of the precipitations for Cx43 and Hsp90. A rat total protein extract was analyzed as positive control. Figure 5 . A, Protocols followed to obtain cardiac mitochondria from rat hearts preconditioned with diazoxide with or without pretreatment with geldanamycin. B, Representative Western blots (10% polyacrylamide gels) showing ␣1-Na ϩ /K ϩ -ATPase, Cx43, and Ox-Phos Complex II immunoreactivity in mitochondrial fractions obtained from normoxic control hearts, from normoxic hearts treated with geldanamycin (5.4 mol/L), and from hearts submitted to pharmacological preconditioning with diazoxide (50 mol/L) without and with pretreatment with geldanamycin (5.4 mol/L). C, Representative Western blots showing ␣1-Na ϩ /K ϩ -ATPase and Cx43 immunoreactivity in intercalated disk-rich membrane fractions. *PϽ0.05, significant differences vs normoxic hearts. GA indicates geldanamycin; Dzx, diazoxide.
LDH release was 20.0Ϯ12.8 U/g dry tissue per 10 minutes, similar to the other 2 IP groups; nϭ3). Geldanamycin did also not modify either the protection induced by preconditioning with isoprenaline (accumulated LDH release was 4.6Ϯ1.1 U/g dry tissue per 10 minutes in hearts pretreated with geldanamycin and 11.1Ϯ7.6 in hearts receiving vehicle, as compared with 37.3Ϯ5.4 in controls, PϽ0.05).
Myocardial necrosis (TTC) was 57Ϯ6% of ventricular mass in control rat hearts (nϭ4) ( Figure 7D ). Infarct size was significantly reduced by preconditioning with diazoxide, IP, or isoprenaline (29Ϯ8%). Pretreatment with geldanamycin (5.4 mol/L) abolished protection afforded by diazoxide but not by IP ( Figure 7D ) or isoprenaline (33Ϯ12%). Geldanamycin at 10.8 mol/L also failed to abolish the protection induced by IP (34Ϯ7%, nϭ3; PϭNS). These effects were associated with reduced extent of contraction band necrosis in histological sections, as compared with control hearts, in all groups but in hearts Figure 6 . A, Protocols followed to obtain cardiac mitochondria from preconditioned rat hearts treated or not with geldanamycin. B, Representative Western blots (10% polyacrylamide gels) showing ␣1-Na ϩ /K ϩ -ATPase, Cx43, and Ox-Phos Complex II immunoreactivity in mitochondrial fractions obtained from normoxic control hearts, from normoxic hearts treated with geldanamycin (5.4 mol/L), and from hearts submitted to IP without and with pretreatment with 5.4 mol/L geldanamycin. C, Representative Western blots showing ␣1-Na ϩ /K ϩ -ATPase and Cx43 immunoreactivity in intercalated disk-rich membrane fractions. *PϽ0.05, significant differences vs normoxic hearts. GA indicates geldanamycin. receiving geldanamycin before preconditioning with diazoxide (see supplemental Figure III ).
Discussion
In the present study, we identified Cx43 at the inner mitochondrial membrane, and provided evidence that Cx43 translocation involves the Hsp90-dependent TOM complex pathway, as demonstrated by the coimmunoprecipitation of Cx43 with Tom20 and Hsp90, and by the inhibition of translocation by geldanamycin. Reducing mitochondrial Cx43 content with geldanamycin abolished the protection afforded by diazoxide-induced preconditioning but had no effect on the protection against cell death afforded by IP or preconditioning with isoprenaline.
Localization of Cx43 at the Inner Mitochondrial Membrane
Previous studies with immunoelectron microscopy suggested the localization of Cx43 at the inner mitochondrial membrane. 15 However, the total size of the complex formed by the primary, the secondary antibody, and the gold microbead limits the spatial resolution of the technique and prevented us to determine the exact localization of Cx43. In the present study, treatment of isolated mitochondria with digitonin resulted in a marked reduction of VDAC immunoreactivity, whereas an ANT-specific signal was detected by confocal laser scan microscopy. Both intact mitochondria and mitoplasts (mitochondria devoid of the outer membrane) were positive for ANT and Cx43, thereby showing that Cx43 is not primarily located at the outer mitochondrial membrane. Western blot analysis confirmed the detection of Cx43 in the preparation containing the inner membrane and matrix or the inner and outer membrane and not the matrix. Taken together, our data indicate that Cx43 is located at the inner membrane of cardiomyocyte mitochondria.
Mechanism of Translocation of Cx43 to the Inner Mitochondrial Membrane
Coimmunoprecipitation experiments indicated an interaction of Cx43 with Tom20. Besides Tom5, -6, -7, -22, -40, and -70, Tom20 is part of the translocase of the outer mitochondrial membrane, which is the only known protein complex involved in the entering of nuclear-encoded proteins into mitochondria. 22 Mitochondrial matrix proteins and also some inner mitochondrial membrane proteins are synthesized as precursor proteins, characterized by having a cleavable amino-terminal targeting signal named presequence. These proteins bind TOM through Tom20, which acts as the presequence receptor. However, most of the internal membrane proteins lack this presequence and are targeted to mitochondria through not well defined internal sequences. These proteins form a complex with the cytosolic chaperones Hsp70 and Hsp90 that are recognized by Tom70. 21 This mechanism is consistent with the observed coimmunoprecipitation of Cx43 and Tom20, as all TOM proteins form a complex, 23 the composition of which modifies its structural organization. 24 In addition, proteins lacking the aminoterminal presequence, as the mitochondrial phosphate carrier, have multiple recognition sequences and interact with both Tom70 and Tom20. 25 After the recognition step, the precursor proteins are translocated to the intermembrane space through the Tom40 pore. Thereafter, proteins reach the internal membrane or the matrix through the TIM (Translocase of the Inner Membrane) complexes, mainly through the Tim23 subunit for presequence proteins and through Tim22 for internal sequence proteins. 22, 23 As antibodies against Tim22 are not commercially available, we were not able to investigate an interaction of Cx43 with Tim22. Indeed, our data show that Cx43 interacts with Hsp90, making it likely that Cx43 is delivered to the TOM complex-and subsequently imported into mitochondria-via targeting by the chaperone Hsp90.
To further asses the involvement of the Cx43-Hsp90 -Hsp70 complex formation in the translocation of Cx43 to mitochondria, we analyzed the effect of geldanamycin on mitochondrial Cx43 content, both in normoxic rat hearts and in hearts submitted to ischemic or pharmacological preconditioning with diazoxide or isoprenaline. Geldanamycin, a benzoquinone ansamycin with cytostatic properties, binds to the N-terminal ATP-binding site of Hsp90 in vitro, destabilizing heterocomplexes of Hsp90 and its target proteins, 26 and thereby blocking with high affinity the ATP-driven chaperone cycle of Hsp90. 27 Disruption of the chaperone/protein complex formation, as with the use of geldanamycin, inhibits the import of several mitochondrial proteins, such as the mitochondrial peptide transporter or the mitochondrial phosphate carrier. 21 No previous data have related short-term effects of treatment with geldanamycin with preconditioning. Our present data suggest that mitochondrial Cx43 is imported to the inner mitochondrial membrane by a chaperonemediated mechanism that is active during control normoxic conditions and that is involved in the enhanced translocation of Cx43 to the mitochondria induced by IP. The rapid reduction of mitochondrial Cx43 content after exposure to geldanamycin in the absence or presence of diazoxide indicates a rapid cycling of Cx43 between the cell compartments and mitochondria. In addition to the mitochondria, Ϸ8% of Cx43 were detected in the cytosol. Western blot analysis in the different cell fractions demonstrated that the amount of Cx43 in the mitochondrial compartment is very small as compared with total Cx43 protein. This explains why changes in the mitochondrial Cx43 content are not necessarily accompanied by detectable changes in other cell fractions.
Cx43 Translocation to the Inner Mitochondrial Membrane and Cardioprotection of Preconditioning
In the present study, a moderate reduction (20% to 40%) of mitochondrial Cx43 content by inhibiting Hsp90 with geldanamycin abolished the protection induced by diazoxide. There is strong evidence that diazoxide induces the protection of preconditioning through a signaling pathway involving ROS generation. 17, 28 We have shown in previous studies that hearts from Cx43-deficient mice, and myocytes isolated from these hearts showing a marked reduction in total and even more so in mitochondrial Cx43 content, cannot be preconditioned by diazoxide, 16 because of a blunted generation of ROS after administration of the drug. Moreover, because ROS formation with menadione was not affected by Cx43 deficiency, it was suggested that Cx43 deficiency was associated with a specific defect in diazoxide-induced ROS formation. The present results provide evidence directly linking mitochondrial Cx43 content to ROS-dependent, diazoxide-induced protection.
Reduction of mitochondrial Cx43 content with geldanamycin before application of either IP or isoprenaline did not abolish the protection against cell death afforded by these treatments. The different effect of geldanamycin on protection induced by diazoxide (abolition) or by IP or isoprenaline (no effect) may be explained by the redundancy of signal transduction pathways in IP. IP elicits protection by activating several signal transduction pathways that act in parallel and have, at least to some extent, additive effects on the magnitude of protection. 4, 5, 29 Mitochondrial ATP-dependent, potassium channel-dependent ROS generation represents only 1 of these pathways, and several studies have shown that protection may still be elicited by brief ischemic episodes when mitochondrial ATP-dependent potassium channels (mitoK ϩ ATP ) are blocked. 29 -32 For example, adenosineinduced preconditioning is independent of mitoK ϩ ATP in rabbits. 33 The discrepant effect of geldanamycin on the protective effects induced by ischemia/isoprenaline and by diazoxide could thus reflect the fact that ablation of 1 of the signaling pathways involved in IP, ie, ROS generation, is not sufficient to abolish protection, whereas it may abolish protection induced by a drug, such as diazoxide, specifically stimulating that pathway. 17, 28 A scheme of the role of mitochondrial Cx43 in the framework of the protection of preconditioning is shown in Figure 8 .
The lack of effect of geldanamycin on the protection of IP may appear to be at odds with previous studies showing that reduced Cx43 expression in Cx43-deficient mice is associated with abrogation of the protection of preconditioning. 10 The explanation for this apparent discrepancy may be related to the fact that whereas geldanamycin induces a moderate reduction in mitochondrial Cx43 without changes in total Cx43, in Cx43-deficient mice, mitochondrial Cx43 content was markedly reduced to approximately 20% of control values, 16 and this reduction was not confined to the mitochondrial compartment. Considering the results of this study, together with previous studies, it appears that mitochondrial Cx43 is essential for mitoK ϩ ATP -mediated protection (even mild reductions in mitochondrial Cx43 abolish this pathway), whereas only severe and/or global reductions in Cx43 abolish mitoK ϩ ATP -independent protection.
Unanswered Questions: The Molecular Interactions and Functions of Mitochondrial Cx43
The present study does not provide direct information on the molecular mechanism by which mitochondrial Cx43 participates in mitoK ϩ ATP -mediated ROS generation and cardioprotection. Cx43 could be part of the multiprotein complexes forming mitoK ϩ ATP channels, the molecular composition of which has not been elucidated, 34, 35 or could somehow modify/gate the mitoK ϩ ATP -induced ROS formation. Cx43 hexamers could also form hemichannels in the inner mitochondrial membrane that could contribute to K ϩ and water fluxes under certain circumstances or, as it occurs in membrane hemichannels, 36, 37 be the origin of signal transduction cascades involving mitoK ϩ ATP . Previous studies have shown that Cx43 is part of multiprotein protein kinase C (PKC)-signaling complexes potentially important in preconditioning. 38 The role of mitochondrial Cx43 in the protection of preconditioning could also be explained by interactions with the mitochondrial permeability transition pore, a multiprotein channel, the molecular composition of which has not yet been fully established. 39 Figure 8 . Proposed role of mitochondrial Cx43 in preconditioning protection based on the present results and previous studies. Mitochondrial Cx43 is required for K ATP -mediated ROS generation and, hence, its reduction blocks diazoxide protection. IP and isoprenaline induced protection through K ATP -mediated ROS production, but also by other redundant pathways, and were not abolished by subthreshold reductions in mitochondrial Cx43 content. In addition, IP increased Cx43 translocation of Cx43 to mitochondria via Hsp90 (HSP) and prevented reduction of mitochondrial Cx43 content by geldanamycin (but not by genetic ablation). ␤-AR indicates ␤-adrenoreceptor; 5-HD, 5-hydroxydecanoate; MAPK, mitogen-activated protein kinase; MPG, mercaptopropionyl glycine; MPTP, mitochondrial permeability transition pore; PKs, protein kinases; RISK, reperfusion injury salvage kinase.
